Tracheary elements (TEs) have a unique cell death program in which the rapid collapse of the vacuole triggers the beginning of nuclear degradation. Although various nucleases are known to function in nuclear DNA degradation in animal apoptosis, it is unclear what hydrolase is involved in nuclear degradation in plants. In this study, we demonstrated that an S1-type nuclease, Zinnia endonuclease 1 (ZEN1), functions directly in nuclear DNA degradation during programmed cell death (PCD) of TEs. In-gel DNase assay demonstrated the presence of a 24-kD Ca 2 ؉ /Mg 2 ؉ -dependent nuclease and a 40-kD Zn 2 ؉ -dependent nuclease as well as ZEN1 in 60-h-cultured cells that included differentiating TEs. Such cell extracts possessed the ability to degrade the nuclear DNA isolated from Zinnia elegans cells in the presence of Zn 2 ؉ , and its activity was suppressed by an anti-ZEN1 antibody, indicating that ZEN1 is a central DNase responsible for nuclear DNA degradation. The introduction of the antisense ZEN1 gene into Zinnia cells cultured for 40 h specifically suppressed the degradation of nuclear DNA in TEs undergoing PCD but did not affect vacuole collapse. Based on these results, a common mechanism between animal and plant PCD is discussed.
INTRODUCTION
In most multicellular organisms, programmed cell death (PCD) is built into the processes of normal development and growth. One key event in PCD is DNA degradation, because the degradation of the genome is considered to be a means by which the cell death program is made irreversible and facilitates the disassembly of the nucleus. Indeed, DNA degradation is a hallmark of apoptosis during PCD in animal cells (Wyllie, 1980; Jacobson et al., 1997) . Apoptotic DNA degradation occurs in at least three stages (Wyllie, 1980; Oberhammer et al., 1993) . Early in the process, DNA is cleaved to high molecular mass fragments (50 to 200 kb) consistent with the size of chromatin loop domains. The subsequent cleavage of DNA occurs at the internucleosomal linker region, and its products produce a 180-bp DNA ladder. Importantly, some cell lines exhibit only high molecular mass DNA cleavage (Oberhammer et al., 1993) . Finally, the fragmented DNA in apoptotic cells is digested completely by an enzyme(s) such as DNase II produced by engulfing cells (McIlroy et al., 2000) . To date, apoptosis-inducing factor (Susin et al., 1999) , topoisomerase II (Li et al., 1999) , and caspase-activated DFF/CAD-ICAD (Sakahira et al., 1999) have been implicated in the early process of DNA cleavage. On the other hand, internucleosomal cleavage is known to be associated with several endonucleases, including caspase-activated DFF/CAD-ICAD (Liu et al., 1997 (Liu et al., , 1998 Enari et al., 1998; Sakahira et al., 1998) , endonuclease G Parrish et al., 2001) , and DNase I (Oliveri et al., 2001) .
In plants, the active degradation of genomic DNA has been observed in PCD that is associated with the hypersensitive response (Mittler et al., , 1997 Levine et al., 1996; Ryerson and Heath, 1996; Wang et al., 1996; Tada et al., 2001) , environmental stress-induced cell death (Katsuhara and Kawasaki, 1996; Katsuhara, 1997; Stein and Hansen, 1999) , senescence Granell, 1997a, 1997b; Yen and Yang, 1998; Xu and Hanson, 2000) , the death of cereal aleurone Fath et al., 2000) , and tracheary element (TE) differentiation (Obara et al., 2001) . In plant PCD, increased activities of several kinds of nuclease have also been reported (for review, see Sugiyama et al., 2000) . They are categorized into at least four classes depending on their requirement for divalent cations: Zn 2 ϩ -dependent nucleases Ho, 1986, 1987; Thelen and Northcote, 1989; Pérez-Amador et al., 2000) , Ca 2 ϩ -dependent nucleases (Oleson et al., 1974 (Oleson et al., , 1982 , Mg 2 ϩ -dependent nucleases (Marchetti et al., 2001) , and Ca 2 ϩ /Mg 2 ϩ -dependent nucleases (Xu and Hanson, 2000) . However, there is no direct evidence implicating these PCDrelated nucleases in the degradation of nuclear DNA during the process of PCD.
We isolated BEN1 and ZEN1 , whose activities increase in association with endosperm degradation and TE cell death, respectively, as plant genes encoding Zn 2 ϩ -dependent nucleases (Aoyagi et al., 1998) . BEN1 and ZEN1 belong to the S1-type nuclease gene family. Recently, four other plant S1-type nuclease genes were reported, three of which are expressed in association with cell death processes such as senescence ( DSA6 [Panavas et al., 1999] and BFN1 [Pérez-Amador et al., 2000] ) and a salt stress-induced cell death process ( Bnuc1 [Muramoto et al., 1999] ). Because the presence of S1-type nucleases has not been confirmed in animals, S1-type nucleases may function in plant-specific cell death programs. However, it is not known how S1-type nucleases function in cell death in plants.
Terminal differentiation of TEs, which are components of the vessels and tracheids of the xylem, is a classic example of plant PCD and has been studied extensively using the Zinnia elegans cell culture system established by Fukuda and Komamine (1980) . Confocal laser scanning microscopy showed that rapid degeneration of the nucleus in differentiating TEs occurred within 10 to 20 min after vacuole collapse (Obara et al., 2001) . Various hydrolases, including nucleases (Thelen and Northcote, 1989; Ye and Droste, 1996; Aoyagi et al., 1998) and proteases (Minami and Fukuda, 1995; Ye and Varner, 1996; Beers and Freeman, 1997) , are synthesized before the active degeneration of cellular contents and are thought to accumulate in the vacuole of TEs to sequester them from the cytoplasm. Thelen and Northcote (1989) , using an in-gel assay of extracts of Zinnia cultured cells, showed the presence of at least seven active nucleases, six of which were induced specifically in TEs. Moreover, only a 43-kD nuclease from Zinnia possessed the ability to degrade both single-and double-stranded DNA in addition to RNA. However, because Thelen and Northcote (1989) focused only on nucleases requiring Zn 2 ϩ , the involvement of other types of nucleases in PCD during TE differentiation is unknown.
ZEN1 was isolated as the cDNA for the 43-kD nuclease reported by Thelen and Northcote (1989) (Aoyagi et al., 1998) . The ZEN1 protein possesses a putative signal peptide at the N terminus for targeting to a specific organelle or for secretion. When genomic DNA of ZEN1 was introduced into tobacco cells, active ZEN1 protein accumulated in the vacuoles (J. Ito, M. Sugiyama, and H. Fukuda, unpublished results) . Because the 43-kD nuclease showed an acidic pH optimum (Thelen and Northcote, 1989) , it is believed that ZEN1 functions in the vacuoles or after tonoplast breakdown.
Here, we conducted experiments to elucidate the type and role of nucleases in nuclear degradation during plant PCD using TE differentiation as a model system. We report the following observations. First, we found that, in addition to ZEN1, a novel Ca 2 ϩ /Mg 2 ϩ -dependent nuclease with a molecular mass of 24 kD is expressed transiently at the PCD stage. Second, in vitro experiments revealed that ZEN1, but not the 24-kD nuclease, plays a major role in nuclear degradation during PCD. Third, gene transfer experiments with an antisense ZEN1 construct indicated that ZEN1 functions in nuclear degradation in vivo.
RESULTS

DNases Responsible for TE Differentiation
TEs characterized by secondary cell wall thickenings were formed from 48 to 72 h when isolated mesophyll cells of Zinnia were cultured in TE-inductive D medium, whereas TE differentiation was not induced in control Cp medium (see Methods) ( Figure 1 ). To identify the DNases responsible for PCD in TE differentiation, we performed an in-gel DNase assay using various metal ions and denatured calf thymus DNA as a substrate (Figure 2 ). When protein extracts from cells were incubated in reaction buffer containing 1 mM EDTA and no metal ion, no DNase activity was detected (data not shown). DNase activities were observed only when metal ions were added to the reaction buffer after EDTA treatment, suggesting that DNase activities in the protein extracts are EDTA sensitive. Two Zn 2 ϩ -dependent nucleases with molecular masses of 43 and 40 kD and three Ca 2 ϩ /Mg 2 ϩ -dependent nucleases with molecular masses of 24, 27, and 29 kD were detected in protein extracts from cells cultured in TEinductive D medium (Figure 2 ). Their appearances during culture were different. A Zn 2 ϩ -dependent nuclease with a molecular mass of 43 kD and a Ca 2 ϩ /Mg 2 ϩ -dependent nuclease with a molecular mass of 24 kD appeared transiently during TE maturation. The 43-kD Zn 2 ϩ -dependent nuclease was active under both neutral and acidic conditions, but it was more active under acidic conditions. By contrast, the 24-kD Ca 2 ϩ /Mg 2 ϩ -dependent nuclease was active only at neutral pH. These results suggest that the 43-kD Zn 2 ϩ -dependent nuclease and the 24-kD Ca 2 ϩ / Mg 2 ϩ -dependent nuclease, which may be activated in different subcellular compartments, play roles in DNA degradation during PCD of TEs.
Identification of Nucleases with Antibodies
The 43-kD nuclease is known to be encoded by ZEN1 (Aoyagi et al., 1998; J. Ito, M. Sugiyama, and H. Fukuda, unpublished results) . To determine whether the PCD-related increase in 43-kD nuclease activity is dependent on increased amounts of ZEN1 protein, the amount of ZEN1 during culture was examined with an anti-ZEN1 antibody (Figure 3) . In Cp-cultured cells, the accumulation of ZEN1 was not detectable during the culture period. In D-cultured cells, the ZEN1 protein, recognized as a band with a molecular mass of 43 kD, began to accumulate after 48 h in culture and peaked at 60 h (Figure 3, top) . The accumulation pattern of ZEN1 was similar to the change in activity of the 43-kD nuclease ( Figure 2A ).
DNase I is one of the Ca 2 ϩ /Mg 2 ϩ -dependent nucleases associated with apoptosis in animals. Using an antibody against DNase I, we examined whether DNase I-type nucleases were also expressed during TE differentiation. The antibody recognized a protein with a molecular mass of 27 kD only in cells cultured in TE-inductive D medium (Figure 3 , bottom). The DNase I-like protein was detected first in extracts of cells cultured for 72 h and increased during the next 24 h. This pattern of accumulation of the DNase I-like protein was consistent with the activity of the 27-kD Ca 2 ϩ / Mg 2 ϩ -dependent nuclease ( Figures 2B and 3) . These results suggest that a DNase I-like nuclease may be involved in a late step of in vitro xylem differentiation.
ZEN1 Is a Key Nuclease Degrading Nuclear DNA in PCD
To examine nuclear DNA-degrading activity in vitro, nuclei purified from Zinnia cells after 20 h in culture were incubated with protein extracts of Zinnia cells cultured for various periods, and DNA released as a result of enzyme action was electrophoresed on an agarose gel. Protein extracts prepared from cells cultured for 24 h in TE-inductive D medium did not degrade nuclear DNA substantially (Figures 4A and 4B) . However, protein extracts of cells cultured for 60 h in TE-inductive D medium exhibited high activity in degrading nuclear DNA in the presence of Ͼ 1 mM Zn 2 ϩ ( Figure 4C ) but not in the presence of Ca 2 ϩ and/or Mg 2 ϩ ( Figure 4D ).
To examine the involvement of ZEN1 in Zn 2 ϩ -dependent DNA cleavage, the effect of an anti-ZEN1 antibody on nuclear DNA degradation was tested. Preincubation of the 60-h cell extract with the anti-ZEN1 antibody suppressed Zn 2 ϩ -dependent nuclear DNA degradation ( Figure 4E ), but preimmune serum had no effect ( Figure 4F ).
Role of ZEN1 in Nuclear Degradation in Differentiating TEs
To examine the effect of the transient expression of ZEN1 on nuclear degradation, a ␤ -glucuronidase ( GUS ) gene Samples of protein extracts (10 g of protein per lane) from Zinnia cells cultured for various periods in TE-inductive medium (D) or a control medium (Cp) were separated by SDS-PAGE using denatured calf thymus DNA as a substrate. After preincubation in 10 mM TrisHCl, pH 7.5, containing 1 mM EDTA for 1 h, gels were incubated for another 12 h in different reaction buffers: 25 mM sodium acetateacetic acid buffer, pH 5.5, containing 5 mM ZnSO 4 (A) or 10 mM Tris-HCl, pH 7.5, containing 10 mM CaCl 2 and 10 mM MgCl 2 (B). Background substrate was stained with ethidium bromide to visualize DNase bands. The predicted molecular mass of each band is presented in kD.
construct (p35SGUS) was introduced into Zinnia cells by particle bombardment. Zinnia cells were bombarded for 40 h after culture initiation and then cultured for another 26 h. As a result, ‫ف‬ 3 to 8% of Zinnia cells, including TEs and nonTEs, showed GUS-positive staining. The blue transformed cells were categorized into three types: differentiating TEs with the nucleus, hollow dead TEs, and non-TE cells ( Figure  5 ). Bombardment at 40 h did not affect the progress of TE differentiation (data not shown).
To investigate the function of ZEN1 in nuclear degradation during differentiation into TEs, sense (p35SZEN1S) and antisense (p35SZEN1A) ZEN1 gene constructs with p35SGUS were introduced into Zinnia cells that had been cultured for 40 h in TE-inductive D medium, and these treated cells were cultured for another 26 h ( Figure 6A ). At least 200 transformed or nontransformed TEs were counted in each bombardment, and the effects of the introduced ZEN1 constructs on nuclear degradation were evaluated by comparing nuclear degradation in GUS-expressing TEs and nontransformed TEs. At 66 h of culture (26 h after gene transfection), TEs accounted for ‫ف‬ 20% of the total cell population in all cultures bombarded with p35SZEN1A plus p35SGUS, p35SZEN1S plus p35SGUS, and p35SGUS. In all cultures, ‫ف‬ 15% of nontransformed TEs had a nucleus ( Figure 6A , open columns). The introduction of p35SZEN1S plus p35SGUS or only p35SGUS did not change the number of TEs with nuclei ( Figure 6A , closed columns). However, the introduction of an antisense ZEN1 construct (p35SZEN1A) suppressed nuclear degradation conspicuously, and ‫ف‬ 35% of TEs had prominent nuclei. This experiment was repeated at least five times, and in all the cases, similar results were obtained. Figure 7 shows a time course of nuclear degradation in transformed TEs, supporting the observation that the antisense ZEN1 gene suppresses nuclear degradation in differentiating TEs. These data also indicated that the introduction of the antisense ZEN1 gene did not suppress nuclear degradation completely but rather delayed the loss of the nucleus. One can judge the rupture of the vacuole based on the shape of the nucleus in differentiating TEs (Obara et al., 2001) . We then examined the effect of introducing the constructs described above on the rupture of the vacuole, using the nuclear shape as an index. We found that the introduction of the antisense ZEN1 gene did not delay the rupture of the vacuole compared with that in other constructs (data not shown). S1-type nuclease genes form a small gene family (e.g., five genes in the Arabidopsis genome). In Zinnia, three genes ( ZEN1 , ZEN2 , and ZEN3 ) are known to be expressed in TE-inductive culture (Pérez-Amador et al., 2000) . Microarray analysis has suggested that ZEN2 mRNA starts accumulating earlier than ZEN1 mRNA and continues to accumulate even in the late stage of culture (T. Demura, unpublished results), although detailed expression patterns of ZEN2 and ZEN3 during xylem differentiation are still unknown. These facts suggest the possibility that ZEN2 and ZEN3 also may be involved in PCD of TEs. Therefore, to determine if the suppression of nuclear degradation by the antisense construct is specific for the ZEN1 gene, we made antisense constructs of two additional S1-type nuclease genes, ZEN2 and ZEN3 . The antisense constructs of ZEN2 and ZEN3 had no effect on nuclear degradation during TE PCD, unlike the result with antisense ZEN1 ( Figure 6B ). This finding strongly supported our idea that ZEN1 is involved specifically in nuclear DNA degradation in vivo.
DISCUSSION
The most striking feature of PCD that is unique to TE is the rapid collapse of the large central vacuole, which leads to the final degeneration of cell contents (Fukuda, 2000; Jones, 2000) . The disruption of the tonoplast is predicted to cause vacuolar enzymes to invade the cytoplasm and degrade various organelles, including the nucleus. A serial observation of nuclear DNA levels stained with a fluorescent dye in living TEs revealed that no detectable level of nuclear DNA was degraded before the vacuole collapsed, but the DNA was digested rapidly within 15 min after the vacuole collapsed (Obara et al., 2001) , suggesting the presence of DNase insulated in the vacuole or activated after the vacuole collapsed. The 43-kD Zn 2 ϩ -dependent S1-type nuclease, ZEN1, has been proposed as one such enzyme involved specifically in nuclear degradation, because its enzymatic properties and the pattern of accumulation of its mRNA are consistent with a role in PCD (Thelen and Northcote, 1989; Aoyagi et al., 1998) . However, there has been no direct evidence to indicate that ZEN1 plays a crucial role in nuclear degradation during PCD. In this report, we have succeeded in demonstrating that ZEN1 functions directly in nuclear DNA degradation during TE PCD.
An in-gel DNase assay of cell extracts revealed the presence of several Ca 2 ϩ /Mg 2 ϩ -dependent nucleases and a 40-kD Zn 2 ϩ -dependent nuclease as well as ZEN1 in 60-h-cultured cells that included differentiating TEs (Figure 2 ). Such cell extracts could degrade the DNA of isolated nuclei in the presence of Zn 2 ϩ but not in the presence of Ca 2 ϩ /Mg 2 ϩ (Figures 4C and 4D) . Furthermore, nuclear DNA-degrading activity was suppressed by an anti-ZEN1 antibody, which recognized only ZEN1 with a molecular mass of 43 kD ( Figures  4E and 4F) . By contrast, cell extracts from early-stage-cultured cells in which the ZEN1 gene was not expressed did not possess the nuclear DNA degradation activity ( Figures  2, 4A , and 4B). These facts indicate clearly that ZEN1 is a central DNase responsible for nuclear DNA degradation. For this in vitro assay, we used nuclei isolated from 20-h-cultured cells, which are in the dedifferentiation stage and (E) and (F) To investigate the role of ZEN1 in in vitro nuclear DNA digestion, 60-h-cultured cell protein extracts were preincubated with anti-ZEN1 antibody (E) or preimmune serum (F) for 30 min at 37ЊC and then reacted with the isolated nuclei in Zn 2ϩ reaction buffer. which have not yet been fated to cell death (Fukuda, 1997) . The fact that their nuclei were degraded by the 60-h-cultured cell extracts indicated that the extracts contain a set of enzymes responsible for degrading normal nuclei.
We used a method to transiently transform cultured Zinnia cells without affecting the course of TE differentiation (Figure 5) . This method allowed us to show that the introduction of antisense ZEN1 retarded nuclear degradation in differentiating TEs in vivo (Figures 6 and 7) but did not prevent vacuole collapse. To confirm that this suppression is ZEN1 specific, we also performed a similar experiment using other nuclease genes, ZEN2 and ZEN3, which also are expressed in TE-inductive culture (Pérez-Amador et al., 2000) . As expected, the antisense constructs of ZEN2 and ZEN3 had no effect on nuclear degradation during TE PCD, unlike the result with antisense ZEN1 (Figure 6B ). S1-type nuclease genes are known to form a small gene family. In Arabidopsis, the family is composed of only five genes, three of which (BFN1, NP-176996, and NP-567630) have all nine of the conserved amino acids necessary for the binding of zinc ions. In Zinnia, three S1-type nuclease genes that share the nine conserved amino acids (ZEN1, ZEN2, and ZEN3) have been reported. A comparison of the deduced amino acid sequences of these genes indicates that ZEN1 is similar to BFN1 and that ZEN2 and ZEN3 have high similarity to NP-176996 and NP-567630 (data not shown). Although we isolated ‫000,51ف‬ ESTs from cultured Zinnia cells differentiating into xylem cells, we found no S1-type nuclease genes other than ZEN1, ZEN2, and ZEN3. Therefore, our antisense experiments may cover most, if not all, of the ZEN-type nuclease genes that are expressed in Zinnia cells cultured in TE-inductive medium.
Taking these facts into consideration, our antisense experiments strongly suggest that that ZEN1, but not ZEN2 or ZEN3, is involved directly in nuclear degradation in vivo. However, the introduction of antisense ZEN1 did not inhibit nuclear degradation completely. This incomplete inhibition may result from the incomplete suppression of ZEN1 mRNA accumulation by the antisense gene or from the presence of DNases other than ZEN1 that are responsible for nuclear degradation during TE PCD. The latter possibility may be excluded by the fact that an anti-ZEN1 antibody repressed in vitro nuclear degradation almost completely (Figure 4) . By contrast, because it is well known that an antisense construct usually causes only partial repression of the accumulation of its target mRNA, the former possibility is likely. In addition, we cannot exclude the possibility of partial gene silencing. Unfortunately, measurements of endogenous ZEN1 mRNA or of ZEN1 activity decreased by the introduction of its antisense construct in individual cells cannot be made using current techniques. Indeed, nuclear degradation in differentiating TE is a rapid event and takes only 15 min after vacuole collapse (Obara et al., 2001) . Nevertheless, the retardation of nuclear degradation by the antisense ZEN1 occurred in several hours. This may be explained by the partial suppression of ZEN1 mRNA accumulation by the antisense gene.
On the other hand, the introduction of sense ZEN1 did not affect nuclear degradation significantly. Our experiments with transformed BY-2 cells indicated that overexpressed ZEN1 nuclease was accumulated in the vacuole, although in an active form, and did not affect nuclear degradation (J. Ito, M. Sugiyama, and H. Fukuda, unpublished results), suggesting that even in Zinnia TEs, overexpressed ZEN1 nuclease may not function in nuclear DNA degradation until the vacuole ruptures. In addition, the time (15 min) during which ZEN1 nuclease acts in nuclear degradation after vacuole collapse is much shorter than the time (several hours) during which the ZEN1 protein is accumulated in the vacuole (Aoyagi et al., 1998; Obara et al., 2001) . Therefore, it is not surprising that the expression of the sense ZEN1 construct in developing TEs did not result in the promotion of nuclear degradation.
Is the family of S1-type nucleases generally involved in PCD in plants? The Arabidopsis genome database indicates the presence of five S1-type-like nuclease genes, all of which were confirmed to be expressed by the existence of ESTs that encode these genes. Of these genes, BFN1 is known to be induced during leaf and stem senescence (Pérez-Amador et al., 2000) . The daylily DSA6, which is highly similar to BFN1, also is expressed during petal senescence (Panavas et al., 1999) . In barley, two S1-type nucleases, BEN1 and Bnuc1, have activities that increase in association with endosperm degradation and salt stress-induced cell death, respectively (Brown and Ho, 1986; Muramoto et al., 1999) . Bnuc1 mRNA also is expressed in senescing leaves (Muramoto et al., 1999) . In Zinnia, there are two other S1-type nuclease genes, ZEN2 and ZEN3, in addition to ZEN1 (Pérez-Amador et al., 2000) . ZEN1 is expressed specifically in TE PCD but not in leaf senescence or in stress-induced cell death (data not shown). By contrast, ZEN2 and ZEN3 are expressed during senescence as well as in xylem cell culture (Pérez-Amador et al., 2000) . These results indicate that each member of the S1-type nuclease gene family is involved in a specific plant cell death program(s). Plant S1-type nucleases are targeted into an intracellular organelle or are secreted out of the cell. For instance, ZEN1 is targeted to the vacuole of Zinnia TEs (J. Ito, J. Nakashima, and H. Fukuda, unpublished data) , and a barley nuclease (BEN1) is secreted out of the aleurone cells into the endosperm (Brown and Ho, 1986) . In any case, S1-type nucleases may contribute to plant PCDs by degrading nuclear DNA, although it is unlikely that all S1-type nucleases function in plant PCD, because the activity of one S1-type nuclease is reported to be associated with DNA synthesis and repair (Grafi and Larkins, 1995) .
We found a 24-kD Ca 2ϩ /Mg 2ϩ -dependent nuclease that appeared transiently at the cell-death stage of TE differentiation (Figure 2 ). This nuclease was most active at neutral pH but not at acidic pH, suggesting that it does not act in the vacuole or in the cytoplasm after vacuole collapse. In animal cells, once apoptosis is induced, most nucleases, including Ca 2ϩ /Mg 2ϩ -dependent nuclease, are activated and translocated to the nucleus (Zamzami and Kroemer, 1999; Li et al., 2001 ). Therefore, it is possible that in Zinnia, the 24-kD Ca 2ϩ /Mg 2ϩ -dependent nuclease might be targeted to the nucleus before the attack of the vacuolar-type ZEN1 DNase.
The chromosomal DNA of most animal cells forms DNA ladders during apoptosis that result from the contribution of specific kinds of nucleases, such as CAD/DFF40, endonuclease G, and the DNase I family, most of which have neutral pH optima (Shiokawa and Tanuma, 2001; . These nucleases are known to be activated or to be transported to the nucleus in association with apoptosis. By contrast, DNA ladder formation is not detected in TE PCD (Groover et al., 1997) . There are no definite homologs for CAD/DFF40 and endonuclease p35SGUS (GUS) was cotransfected by bombardment of gold particles coated with p35SZEN1A (ZEN1A), p35SZEN1S (ZEN1S), p35SZEN2A (ZEN2A), or p35SZEN3A (ZEN3A) into Zinnia cells cultured for 40 h in TE-inductive D medium; then, the cells were cultured for another 26 h. The cells were stained with X-Gluc solution (see Methods) for 12 h and then for another 15 min with 4Ј,6-diamidino-2-phenylindole. Open columns, percentages of nontransformed TEs with the nucleus per total nontransformed TEs; closed columns, percentages of transformed TEs with the nucleus per total transformed TEs. The data represent averages and standard deviations of three replicates (n ϭ 200 per sample). Values are significantly different between p35SZEN1A and the other constructs (single asterisks, P Ͻ 0.02 by two-sample t test; double asterisks, P Ͻ 0.05 by two-sample t test). The experiment was repeated two to five times and yielded similar results. G in the Arabidopsis genome. ZEN1 nuclease, together with cell extracts, induced a smear pattern of nuclear DNA degradation in vitro (Figure 4) . Therefore, in plant TE PCD, S1-type nucleases may degrade chromosomal DNA instead of the ladder-forming nucleases seen in animal apoptosis. Interestingly, recent studies of animal apoptosis provide strong evidence for another pathway of chromosomal DNA degradation Kroemer, 2000, 2001; McIlroy et al., 2000; Wu et al., 2000) . McIlroy et al. (2000) found that when CAD activity is suppressed, phagocytes can activate an auxiliary mode of apoptotic DNA fragmentation in which a lysosomal acid nuclease such as DNase II is involved. In Caenorhabditis elegans, a DNase II homolog from engulfing cells, NUC-1, was also found to function in chromosomal DNA degradation (Wu et al., 2000) . However, DNase II and S1-type nucleases including ZEN1 show biochemical differences that include ion requirements and the mode of DNA cleavage. Because S1-type nucleases are unique to plants and DNase II-like activity is not detected during TE PCD (data not shown), it is possible that plants have evolved the use of S1-type nucleases to degrade chromosomal DNA independently of animals.
METHODS
Plant Material
The first leaves of 14-day-old seedlings of Zinnia elegans (cv Canary Bird) (Takii Shubyo, Kyoto, Japan) were used for the isolation of mesophyll cells in suspension culture according to the method of Fukuda and Komamine (1980) . The culture medium contained 0.1 mg/L ␣-naphthylacetic acid and 0.2 mg/L benzyladenine (the tracheary element [TE]-inductive D medium) or 0.1 mg/L ␣-naphthylacetic acid and 0.001 mg/L benzyladenine (the noninductive Cp medium).
Protein Extraction
The cell suspension was separated into cells and medium by gentle filtration through a nylon filter (pore size of 10 m) at various times of culture. Approximately 100 mg of cells was homogenized with 500 L of homogenization buffer (50 mM Tris-HCl, pH 7.5, 2 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, and 50 M leupeptin) at 4ЊC. The homogenate was stirred at 4ЊC in the presence of polyvinylpolypyrrolidone and Amberlite XAD-4 (Organo, Tokyo, Japan) and centrifuged at 10,000g for 10 min, and the supernatant was collected and stored at Ϫ80ЊC until use. The concentration of soluble proteins was measured by the Bradford (1977) method.
In-Gel DNase Assay
An in-gel DNase assay was performed according to Thelen and Northcote (1989) , with some modification. Proteins in the sample were dissolved in SDS-PAGE sample buffer (1% [w/v] SDS, 62.5 mM pH 6.8, and 10% [w/v] glycerol) without a reducing agent, incubated at 37ЊC for 15 min, and subjected to SDS-PAGE on a 12% polyacrylamide gel containing 50 g/mL fibrinogen and 30 g/mL denatured calf thymus DNA. After electrophoresis and removal of SDS, gels were washed with washing buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA) and then incubated for 12 h at 45ЊC in reaction buffer (10 mM Tris-HCl, pH 7.5, containing 10 mM CaCl 2 and 10 mM MgCl 2 , or 25 mM sodium acetate-acetic acid buffer, pH 5.5, containing 1 mM ZnSO 4 ). DNase activity was visualized by staining the gel with 2 g/mL ethidium bromide.
Immunoblot Analysis
For immunoblot analysis, proteins prepared as described above were separated by SDS-PAGE and blotted onto a nitrocellulose membrane. The membrane was incubated with the purified anti-ZEN1 antibody or an anti-DNase I antibody (Sigma, St. Louis, MO). After further incubation of the membrane with a peroxidase-conjugated secondary antibody, signal was detected using the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's protocol.
Isolation of Nuclei
Nuclei were prepared from Zinnia cells cultured for 20 h according to the method of Obara et al. (2001) . A pellet of nuclei was resuspended in 25 mM sodium acetate-acetic acid buffer, pH 5.5, or 10 mM Tris- The experiment was performed as shown in Figure 6 except that cells were cultured for another 20, 32, and 56 h after p35SGUS (G; black columns), p35SGUS plus p35SZEN1A (A; gray columns), or p35SGUS plus p35SZEN1S (S; white columns) was introduced at 40 h of culture. Each column represents the percentage of transformed TEs with the nucleus per total transformed TEs. The data represent averages and standard deviations of three replicates (n ϭ 200 per sample). Values are significantly different between p35SZEN1A and the other constructs in each culture period (P Ͻ 0.05 by two-sample t test). The experiment was repeated at least twice and yielded similar results.
HCl, pH 8.0, each of which contained 40 mM KCl, 10 mM NaCl, 0.15 mM spermine, 0.15 mM spermidine, and 10% (w/v) Suc. Nuclei were prepared at a density of ‫5.1ف‬ ϫ 10 7 /mL. The suspension of nuclei was mixed with an equal volume of glycerol and stored at Ϫ20ЊC until use.
In Vitro Endonuclease Activity Assay
Isolated nuclei were incubated with 2.5 g of protein extract for 2 h at 27ЊC in Zn 2ϩ reaction buffer (25 mM sodium acetate-acetic acid buffer, pH 5.5, and 1.0 mM EDTA with or without 0.1, 1.0, or 10 mM ZnSO 4 ) or Ca 2ϩ /Mg 2ϩ reaction buffer (10 mM Tris-HCl, pH 8.0, and 1.0 mM EDTA with or without 1.0, 10, or 100 mM CaCl 2 and MgCl 2 ). As a negative control, nuclei were incubated for 2 h at 27ЊC in the same buffer without protein extracts. The reaction was stopped by adding an equal volume of 2 ϫ lysis buffer (200 mM Tris-HCl, pH 8.0, 100 mM EDTA, 250 mM NaCl, 1% [w/v] sarkosyl, and 1 mg/mL proteinase K) and incubated further for 1 h at 55ЊC. Nuclear debris were spun down in a microfuge for 10 min, and the DNA in the supernatant was precipitated with 0.8 volume of isopropanol for 10 min at Ϫ20ЊC. The DNA precipitate was washed with 70% (w/v) ethanol, dried, and resuspended in water. The DNA was treated with 10 g/mL RNase A at 37ЊC for 1 h and then analyzed by electrophoresis on a 1.5% (w/v) agarose gel containing 0.5 g/mL ethidium bromide.
To analyze the effect of anti-ZEN1 antibody, protein extracts were preincubated with anti-ZEN1 antibody at 37ЊC for 1 h and added to isolated nuclei to start the reaction.
Transformation of Cultured Zinnia Cells with the ZEN1 Gene
A HindIII-EcoRI fragment of 2.2 kb containing a 35S promoter of Cauliflower mosaic virus-␤-glucuronidase (GUS) cassette was removed from pBE2113 (Mitsuhara et al., 1996) and ligated into the corresponding site of pUC18, generating p35SGUS. To make antisense constructs of ZEN1, ZEN2, and ZEN3, the GUS coding region in p35SGUS was replaced with the antisense gene as follows. The ApaI sites of the 1.1-, 1.1-, and 1.4-kb ApaI-XbaI fragments containing the coding regions of ZEN1, ZEN2, and ZEN3, respectively, which were excised from the pBluescript KSϩ plasmid (Stratagene, La Jolla, CA), were blunt ended by treating them with T4 DNA polymerase (Takara, Kyoto, Japan) and ligated into the XbaI-blunt-ended SacI site of p35SGUS. The resulting constructs were designated p35SZEN1A, p35SZEN2A, and p35SZEN3A, respectively. We also created a sense ZEN1 gene ligated into the XbaI-SacI site of p35SGUS, designated p35SZEN1S. The nucleotide sequences of the constructs were confirmed using an ABI 373A DNA Sequencer (Applied Biosystems, Foster City, CA).
To introduce these constructs into Zinnia cells, the particle bombardment method was adopted using a helium-driven particle accelerator (IDERA GIE-III; Tanaka, Sapporo, Japan) with all basic adjustments set according to the manufacturer's recommendations (vacuum, 665 mm Hg; distance, 10.5 cm; helium press, 4.0 kgf/cm 2 ; and releasing time, 0.025 s). Gold particles with a diameter of 1.0 m (BioRad, Hercules, CA) were coated with objective DNAs (0.6 mg gold·g Ϫ1 DNA·shot Ϫ1 ) and subjected to bombardment. A 20-mL aliquot of Zinnia cells cultured for 40 h in TE-inductive D medium was collected on a nylon filter (pore size of 10 m) and placed on TE-inductive D medium containing 0.5% (w/v) agar until use. p35SGUS was cotransferred with p35SZEN1A, p35SZEN2A, p35SZEN3A, or p35SZEN1S into Zinnia cells with three replications. p35SGUS also was transferred into Zinnia cells as a control. The treated cells were resuspended in old medium and cultured again for the times indicated in Figures 6 and 7.
Histochemical Detection of GUS Activity and 4Ј,6-Diamidino-2-Phenylindole Staining Cells were collected at various times of culture and incubated in fixation buffer (0.3% [v/v] formaldehyde, 10 mM Mes, pH 5.6, and 0.3 M mannitol) for 45 min at room temperature. After washing twice with 50 mM sodium phosphate, pH 7.0, the cells were stained in X-Gluc solution (1 mM 5-bromo-4-chloro-3-indolyl-␤-glucronide [X-Gluc], 50 mM sodium phosphate, pH 7.0, and 20% [v/v] methanol) for 12 h at 37ЊC. The stained cells were washed with 50 mM NaPO 4 , pH 7.0, suspended in 3% (w/v) melting agarose, and solidified on the dish (60 ϫ 15 mm). To observe nuclear degradation, cells were stained with 1 g/mL 4Ј,6-diamidino-2-phenylindole in TAN buffer (20 mM Tris-HCl, pH 7.65, 0.5 mM EDTA, 7 mM 2-mercaptoethanol, and 0.4 mM phenylmethylsulfonyl fluoride) for 15 min in the dark after 1% (v/v) glutaraldehyde fixation. The numbers of cells and TEs with or without a nucleus, and with or without GUS staining, were measured with an epifluorescence microscope (model BX-50-FLA; Olympus, Tokyo, Japan), and at least 200 cells were examined in each sample.
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